. We have shown that persephin binds efficiently only to GFRa-4, and labelled persephin is effectively displaced from cells expressing GFRa-4 by persephin but not by GDNF or neurturin. Using microinjection to introduce expression plasmids into cultured neurons, we have also shown that coexpression of Ret with GFRa-4 confers a marked survival response to persephin but not to GDNF or neurturin. These results demonstrate that GFRa-4 is the ligand-binding subunit for persephin and that persephin, like GDNF and neurturin, also requires Ret for signalling.
Results and discussion
Binding of persephin to GFRa- 4 To determine whether persephin binds to GFRα-4 or other members of the GFRα family, microtitre plates were coated with immunoglobulin G (IgG)-tagged versions of the four GFRα receptors and incubated with [ 125 I]persephin with or without cold competitor. As shown in Figure 1 , [ 125 I]persephin exhibited clear displaceable binding to GFRα-4-IgG. In contrast, no significant binding of [ 125 I]persephin to GFRα-1-IgG, GFRα-2-IgG or GFRα-3-IgG could be detected. As expected from the results of previous studies [13, 14, 17, 18] , GDNF and neurturin showed specific, displaceable binding to IgG-tagged GFRα-1 and GFRα-2, respectively (data not shown). These results demonstrate that among the GFRα family only GFRα-4 is a ligand-binding subunit for persephin.
To further characterise GFRα-4, we analysed human embryonic 293 kidney cells that were transiently transfected with full-length GFRα-4. Whereas low concentrations of unlabelled persephin very effectively displaced [ 125 I]persephin from GFRα-4-expressing cells, GDNF [13, 17, 21] . Although this may reflect true differences in the affinity of GDNF, neurturin and persephin for their respective GPI-linked ligand-binding subunits, the difference in the K d estimations may be due in part to differences in protein stability, persephin being the more labile protein. Alternatively, the lower affinity of persephin for GFRα-4 may reflect the fact that we studied the binding of mouse persephin to chicken GFRα-4.
Expression of Ret and GFRa-4 on neurons confers a survival response to persephin
To ascertain the potential involvement of GFRα-4 in mediating the survival responses of neurons to members of the GDNF family of neurotrophic factors, we used microinjection to introduce an expression plasmid containing GFRα-4 cDNA into cultured superior cervical sympathetic ganglion (SCG) neurons from postnatal day 4 (P4) mice because the survival of these neurons is not promoted by neurturin, GDNF or persephin in culture ( [18] and data not shown). Figure 3 shows that ectopic expression of GFRα-4 alone in SCG neurons has a negligible effect on the survival of postnatal SCG neurons and does not confer a survival response to persephin. This is consistent with the idea that GPI-linked receptors cannot mediate responses to their ligands without the appropriate transmembrane signalling proteins such as Ret in the case of GFRα-1 and GFRα-2 [13, [17] [18] [19] 21] , and gp130 and the leukemia inhibitory factor receptor β (LIFRβ) in the case of the ciliary neurotrophic receptor α (CNTFRα) [25] .
Because Ret is essential for GDNF and neurturin signalling [13] [14] [15] [16] [17] [18] [19] [20] [21] 26 ,27], we coinjected neurons with expression plasmids for Ret and GFRα-4 to see whether neurons expressing both of these receptor components would exhibit survival responses to GDNF, neurturin or persephin. Confirming previous findings [18] , ectopic expression of Ret alone promoted the survival of approximately 15% of SCG neurons in the absence of added factors ( Figure 3 ). This is explained by the finding that Ret is, to a certain extent, constitutively phosphorylated on tyrosine when overexpressed in cells in the absence of ligand [21] .
Persephin did not increase the survival of Ret-expressing neurons, indicating (as with GDNF and neurturin in the same experimental paradigm [18] ) that Ret alone is not capable of mediating a survival response to persephin. Neurons coexpressing Ret plus GFRα-4 had a substantially enhanced survival response to persephin, however; the number of neurons coexpressing GFRα-4 plus Ret that survived with persephin was 2.5-fold higher than the number of such neurons grown without this factor ( Figure 3 ).
In contrast, neurons coexpressing Ret plus GFRα-4 showed no enhanced survival response to GDNF. As a positive control, we showed that neurons coexpressing Ret plus GFRα-1 had an enhanced survival response to GDNF, similar to that reported previously [18] . Neurons coexpressing Ret plus GFRα-4 showed a small increase in survival in the presence of neurturin; however, this response was much less than the response of GFRα-4 plus Ret coexpressing neurons to persephin, or the response of GFRα-2 plus Ret coexpressing neurons to neurturin (Figure 3 ). Although GFRα-1 and GFRα-2 in the presence of Ret conferred survival responses to GDNF and neurturin, respectively, neurons coexpressing Ret with either GFRα-1 or GFRα-2 did not exhibit a survival response to persephin (data not shown). Our results therefore indicate that GFRα-4 is a ligand-binding subunit for persephin and that Ret is required for signalling and the survival response of GFRα-4-expressing neurons to persephin. The above results were obtained using ligands at a concentration of 5 ng/ml. GFRα-1 and GFRα-2 were previously shown to mediate specific survival responses to 5 ng/ml GDNF and neurturin, respectively [18] . However, 50 ng/ml GDNF was found to promote the survival of GFRα-2 plus Ret coexpressing neurons as effectively as neurturin, although 50 ng/ml neurturin did not enhance the survival of GFRα-1 plus Ret coexpressing neurons [18] . In our present studies, 50 ng/ml neurturin promoted a further small increase in the survival of neurons coexpressing GFRα-4 and Ret compared with the number supported by 5 ng/ml, although the level of this response was still less than the response to persephin of neurons coexpressing GFRα-4 and Ret, or the response to neurturin of neurons coexpressing GFRα-2 and Ret (Figure 3 ). Although 50 ng/ml GDNF promoted a small increase in the survival of neurons coexpressing GFRα-4 and Ret compared with neurons coexpressing GFRα-4 and Ret but grown without this factor ( Figure  3 ), this increase was not statistically significant (p > 0.05, t test). Taken together, these receptor reconstitution experiments in cultured neurons indicate that the Ret-GFRα-4 receptor complex is very effective at mediating responses to persephin and is capable of mediating modest responses to high concentrations of neurturin. These responses to different concentrations of persephin and neurturin may reflect physiologically relevant differences in the signalling specificity of the Ret-GFRα-4 receptor complex at different ligand concentrations in vivo.
In summary, we have shown that GFRα-4 is a ligandbinding subunit for persephin and that persephin additionally requires Ret for signal transduction. Our findings extend the generality of the notion that members of the GDNF family of secreted proteins exert their actions by a receptor complex that consists of a common receptor tyrosine kinase and a member of a GPI-linked family that confers ligand specificity. The preferred GPI-linked receptors for GDNF, neurturin and persephin are GFRα-1, GFRα-2 and GFRα-4, respectively, and all require Ret for signal transduction. There is evidence, however, that at high concentrations, GDNF and neurturin can bind to both GFRα-1 and GFRα-2 and activate Ret [18] [19] [20] [21] [22] , and we have provided some evidence that high concentrations of neurturin can promote the survival of neurons coexpressing Ret and GFRα-4, although not as effectively as much lower concentrations of persephin. These results suggest a degree of receptor-ligand crosstalk among the GFRα family that may be physiologically relevant. In this respect it is interesting that recent studies of GFRα-1 -/-mice suggest that the importance of GFRα-1 in mediating responses to GDNF and neurturin differs among certain populations of neurons [28] . The demonstration that the three most closely related members of the GFRα family, GFRα-1, GFRα-2 and GFRα-4, are ligand-binding subunits for GDNF, neurturin and persephin raises the issue of the identity of the ligand for GFRα-3. Given our present findings, it seems likely that a fourth, possibly more distantly related member of the GDNF family remains to be identified.
Materials and methods

Binding of persephin to GFRα-IgG-linked receptors
GFRα-IgG-tagged receptors were made by transfecting 293 human embryonic kidney cells by the calcium phosphate method with an expression construct consisting of a cDNA encoding the respective GFRα receptor without its GPI-linked consensus sequence fused inframe with a cDNA encoding the Fc region of human IgG1 [29] . The recombinant GFRα-IgG fusion proteins were purified on a protein A-sepharose column (Pharmacia) and quantified by a human Fc-specific ELISA.
Plates (96 well) were coated with a goat anti-human antibody overnight after which the recombinant GFRα-IgG fusion proteins were captured at 1 µg/ml for 1 h. Binding reactions were then performed in PBS with 0.1% BSA and 0.05% Tween20 in the presence of 20 pM [ 125 I]persephin with (non-specific binding) or without (total binding) excess unlabelled persephin (0.1 mg/ml) for 2 h at room temperature. The plates were washed three times with PBS 0.05% Tween and each well was counted for 1 min. performed in PBS containing 0.1% BSA with 2 million cells in a volume of 250 µl overnight at 4°C. Reactions were spun down, resuspended in 100 µl ice cold PBS and layered on a 250 µl cushion of PBS containing 0.1% BSA and 20% sucrose and centrifuged at 10000 rpm for 1 min. The cell pellet was counted in an Isodata-100 gamma counter.
Competition binding
Neuronal culture and microinjection studies
To investigate the ability of GFRα-4 and Ret to mediate the survival responses of neurons to GDNF, neurturin and persephin, microinjection was used to introduce expression plasmids (GFRα-1 cDNA, GFRα-2 cDNA, GFRα-4 cDNA and c-ret cDNA in pMEX) into P4 mouse SCG neurons. Purified P4 SCG neurons were grown in serumfree medium on a poly-ornithine/laminin substratum. The neurons were initially grown for 12 h with NGF (2 ng/ml) and were washed extensively to remove the NGF just before being injected with expression plasmids into the nucleus [18] . The cultures were supplemented with either GDNF, neurturin or persephin immediately after injection and the number of surviving neurons was counted at this time and 48 h later.
